I . Iron metabolism was studied during lactation in the rabbit by the intravenous injection of 59Fe in order to measure plasma Fe turnover, Fe transfer to the milk and Fe absorption by the suckling young.
The metabolism of iron during lactation in the rabbit is of interest for several reasons. Rabbit milk is extremely rich in an Fe-binding protein with properties similar to plasma transferrin (Jordan, Kaldor & Morgan, 1967) . The function of this protein is uncertain but it could play a part in the transfer of Fe from plasma to milk in the lactating animal or in intestinal Fe absorption by the suckling young. In addition the young rabbit is born with a high body Fe content when compared with other species, but shows relatively little increase in body Fe during suckling (Bunge, 1892; Widdowson, 1950; McCance & Widdowson, 1951) . The reasons for this may be a low content of Fe in rabbit milk or poor efficiency of absorption of the Fe by the young, possibly as a consequence of the high concentration of Fe-binding protein in the milk. These problems were considered in the present investigation, which also provided information on the effects of lactation on the turnover rate of maternal plasma Fe and on erythropoiesis.
H. TARVYDAS AND OTHERS
I 968 which are separated from their mothers except for a single suckling period daily is the same as for young which have free access to their mothers (Zarrow et al. 1965; and personal observation) . Experimental procedure Radioactive Fe in the form of [59Fe]ferric citrate was incubated with fresh rabbit plasma for 30 min at 37" before administration to the rabbits. Care was taken not to exceed the latent Fe-binding capacity of the plasma transferrin. From I 5-20 pc of the plasma-bound b9Fe was injected by a marginal ear vein into lactating and nonlactating rabbits. Injections were made into lactating rabbits in the morning just after they had been allowed to suckle their young. Blood samples were collected by incision of the marginal vein of the ear not injected. Milk samples were collected manually in the mornings before suckling, after the subcutaneous injection of 2-j i.u. oxytocin.
Ferrokinetic measurements were made by collecting four blood samples during the 1st h after injecting the 59Fe and a further sample was taken each day for the next 10 days. The plasma radioactivity of the first four samples was used for the measurement of plasma Fe turnover, and the whole-blood activity of the later samples for the determination of the incorporation of radioactive Fe into erythrocytes. The volume of milk secreted each day was measured by the sum of the volume expressed from the mammary glands and the difference in body-weight of the young before and after suckling, on the assumption that I ml milk weighs I g. The amount of radioactive Fe secreted into the milk was determined by whole-body counting of the young before and after suckling and by measuring the 59Fe in the expressed milk. The intestinal absorption of Fe by the suckling young was measured in three ways. The first was by whole-body counting of the young daily for 8 days before and after suckling from mothers which had received radioactive Fe. In the second method 59Fe was injected into four rabbits which were allowed to suckle their young on the next two mornings. These young were then exchanged with litters of the same age from mothers which had not received radioactive Fe and the young were counted for whole-body radiQactivity every I or 2 days for 14 days. The third measurement of Fe absorption was made on two litters each of four young which had been separated from their mothers overnight. Two young from each litter were given, through a polythene cannula passed into the stomach, 10 ml milk freshly obtained from their own mothers; to this milk I pc 59Fe as ferric citrate had been added and the mixture had been incubated at 37Q for 30 min before administration to the young. The other two young of each litter were given 45 pg Fe as ferrous ammonium sulphate labelled with I pc S9Fe in 10 ml 0.9% (w/v) sodium chloride solution. The whole-body radioactivity of the young was measured immediately after giving the radioactive Fe, 4 h later, the next day, and then every 2nd day for 2 weeks.
Analytical methods
Haemoglobin was determined by the oxyhaemoglobin method and haematocrit by the microhaematocrit technique. Fe concentrations in plasma and milk were measured by the methods of Morgan & Carter (1959) and Ezekiel (1965) respectively.
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T h e radioactivity of plasma, whole blood and milk samples was measured in a welltype scintillation counter. Whole-body radioactivity was determined in a smallanimal whole-body counter (Warner & Oliver, 1962) . Corrections for radioactive decay and for the increasing size of the growing suckling rabbits were made by counting standards prepared from the administered 59Fe-containing solutions diluted to the volumes of the samples being counted. Plasma volume was determined from the administered dose of radioactive Fe and from the concentration of radioactive Fe in the plasma obtained by extrapolation of the plasma radioactivity values to zero time. Plasma Fe turnover was calculated from the plasma volume, plasma Fe concentration and plasma radioactivity values as described by Bothwell & Finch (1962) . The fraction of injected 59Fe incorporated into erythrocytes was calculated from the plasma volume, haematocrit, whole-blood radioactivity and the whole body: peripheral haematocrit rat'o of 0.92; this ratio was determined in six non-lactating rabbits by means of 59Fe-labelled erythrocytes and I3lI-labelled rabbit albumin.
R E S U L T S
T h e haematological and ferrokinetic values for six rabbits on the 2nd day and for four on the 14th day of lactation and for six non-lactating animals are summarized in Table I . T h e mean haemoglobin and haematocrit values for the lactating animals did not differ significantly from those for the non-lactating animals, but the plasma and red blood cell volumes were significantly (P < 0.05) greater on the 14th day of lactation than on the 2nd day of lactation, or in the non-lactating animals. T h e mean plasma Fe concentration was significantly higher on the 2nd day of lactation (P < 0.05) than in the non-lactating animals. There was no significant difference between the three groups in the mean values for plasma Fe turnover or the fraction of injected radioactive Fe incorporated into erythrocytes ( P > 0.05).
T h e transfer of injected radioactive Fe into the milk, as measured by whole-body counting of the young rabbits, was studied for 12-21 daysin five rabbits: three injected with 59Fe on the 2nd day of lactation and two on the 14th day. The cumulative secretion of the 59Fe is shown in Fig. I . Between 2'7% and I 1'4% of the injected radioactive Fe was secreted into the milk during the period of observation. T h e rate of secretion of the 59Fe was maximal during the first few days after injection and progressively slowed down thereafter, but significant amounts continued to be secreted each day for approximately 2 weeks. One of the rabbits injected on the 2nd day of lactation showed a much lower rate of appearance of the radioactive Fe in the milk than the other two injected on the 2nd day (Fig. I) . This rabbit had a very high rate of plasma Fe turnover (2-1 mg/kg per day) and 97% of the injected radioactive Fe was incorporated into the red blood cells. Its blood haemoglobin concentration was 10.2 g/Ioo ml. and plasma Fe concentration 190 ,ug/Ioo ml. Measurements were made of Fe concentration and "Fe in plasma and milk during the first 3 days after injection of "Fe into four rabbits on the 2nd day of lactation and into four on the 14th day of lactation ( Table 2 ) . The concentration of Fe was significantly higher in milk than in serum on the yd-sth days of lactation (P < 0.05)~ but milk and serum values were very similar in the rabbits injected on the 14th day of https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19680066
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lactation. There was no evidence of a relationship between serum and milk Fe concentrations in individual rabbits. Plasma radioactivity was very low by the morning after the injections, and the specific activity of Fe was much higher in the milk than in the plasma. T h e total amount of Fe secreted into the milk was calculated from the Fe concentration of the milk and volumes of milk secreted. T h e mean values varied from approximately 150 to 300 pg Fe per day both in early and in middle lactation. Whole-body counts on fifteen young of three litters in early lactation and on ten young of two litters in middle lactation were made after each time of suckling and again on the following morning before the next suckling period; in no instance was there a significant loss of radioactivity between the two measurements, even though they were studied in this way for 7 days (Table 3) . Confirmation of this high efficiency of Fe absorption was obtained with the four litters allowed to suckle rabbits secreting S9Fe in their milk for 2 days, and then fostered to rabbits which had received no radioactive Fe. Two litters (nine young) received the 59Fe on the 3rd and 4th days of lactation and two litters (fifteen young) received it on the 18th and 19th days of lactation. In all the young the amount of radioactive Fe retained 8 days after the second feed containing ""Fe was 93-103 % of the amount ingested and 14 days after the 2nd feed it was 91-102 yo ( When radioactive Fe was given to 4-day-old rabbits by stomach tube and daily whole-body counting of the young was continued for 14 days it was again found that the radioactive Fe was almost completely retained. No difference was observed between the retention of Fe by the young which received Fe administered with milk and those in which it was given in physiological saline (Table 5 ) . Table 4 . Whole-body radioactivity, on days 8 and 14 after ingesting 59Fe, of young rabbits which suckled for 2 days from rabbits injected intravenously with 59Fe and then from rabbits which had received no 59Fe ( The mean plasma and red cell volumes of the rabbits examined on the 14th day of lactation were greater than the values for the rabbits on the 2nd day of lactation and for the non-lactating animals. An increase of plasma and blood volumes during lactation has also been reported for the rat (Bond, 1958) . T h e increase in red cell volume between the 2nd and 14th days of lactation must be attributed to an increase of erythropoiesis from the low level found in late pregnancy in the rabbit (Bothwell, Pribilla, Mebust & Finch, 1958) , to values above those found in non-lactating rabbits. This would be expected to cause an increase in the rate of turnover of plasma Fe. The mean amounts of Fe secreted in the milk on the 3rd and 15th days of lactation (Table 2) were approximately 5 % of the mean values for the turnover rate of plasma Fe determined on the previous days (Table I) . Hence there might also be a small additional increase in the turnover rate of plasma Fe to account for Fe transfer to the milk. However, probably as a result of the degree of variation between animals, the mean values for the rate of turnover of plasma Fe in the lactating rabbits were not significantly greater than those for non-lactating ones.
T h e continued secretion of radioactive Fe into the milk for 12 or more days after a single intravenous injection, and the much greater specific activity of Fe in milk than
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Iron metabolism in rabbit lactation 571 in plasma 1-3 days after the injection, suggests that most of the radioactive Fe must enter the mammary glands soon after the injection and be stored there for up to several days before it is secreted. T h e rate of appearance of 59Fe in the milk in four of the five rabbits represented in Fig. I approximates very closely to single exponentials with slopes of 0-17-0-30 per day during the first 7 days after its administration. If it is assumed that all the radioactive Fe secreted in the milk in these four animals was taken up by the mammary gland within 24 h of its administration and that it mixed freely with the Fe pool in the mammary gland, from which the milk Fe was derived, it can be calculated from the radioactivity of the milk and total Fe values that the size of this pool varied from 0.6 to 1.75 mg. T h e chemical nature of this pool is uncertain. Ferritin has been implicated in the transfer of Fe through the intestinal mucosa and the placenta (Heilmeyer, 1958) although the part played by ferritin in these processes is by no means clear. Possibly in the rabbit the Fe pool in the mammary gland is in the form of ferritin. This is suggested by the slow rate of turnover, but chemical investigations are required before any definite conclusions can be reached.
The reason for the low rate of secretion of radioactive Fe into the milk in one of the rabbits injected on the second day of lactation (Fig. I ) is probably that the rate of erythropoiesis was very high in this animal at the time of injection and that the erythropoietic tissue competes with the mammary gland for plasma Fe. T h e high rate of erythropoiesis is shown by the values for plasma Fe turnover (2-1 mg/kg per day) and the percentage incorporation of radioactive Fe into red blood cells (97%) which were considerably greater than the mean values for rabbits at this stage of lactation (Table I) . Possibly this rabbit was recovering from an abnormally large fall in haemoglobin level during pregnancy or an excessive blood loss at the time of parturition, although its blood haemoglobin concentration and plasma Fe concentration were not very low at the time of examination.
Iron secretion into milk in the rabbit contrasts strongly with that in the rat where intravenous radioactive Fe is very rapidly transferred to the milk after mixing with a very small pool in the mammary gland (I. Kaldor, personal communication) . The rat, too, achieves a much greater concentration of Fe in its milk than does the rabbit (Kaldor & Ezekiel, 1962; Ezekiel & Morgan, 1963) . The little information available for the cow (Erf, 1941) indicates that in this species, also, radioactive Fe is largely transferred to the milk within 1-2 days after intravenous injection, but here the Fe concentration of the milk is very low (Underwood, 1962) .
It has been postulated that Fe transfer from plasma to milk is regulated by the mammary gland content of Fe-binding protein (Blanc & Isliker, 1963) . The milk protein was thought to compete for the Fe of plasma transferrin. T h e present results in the rabbit are strongly opposed to this view. Direct transfer from plasma to the Fe-binding proteins of milk would be expected to occur rapidly and to involve only a small mammary gland Fe pool. I n addition, the extremely high Fe-binding capacity of rabbit milk (Jordan et al. 1967) should result in large transfer of Fe from plasma to milk, but this is not so when the rabbit is compared with the rat and the quokka (Setonix brachyurus) which have milk much richer in Fe but with much lower Fe-binding capacities (Kaldor & Ezekiel, 1962; Ezekiel, 1965 ; Jordan & Morgan, unpublished) .
The almost complete absorption and retention of ingested radioactive Fe by suckling rabbits is remarkable. Similar high values have also been reported for the suckling rat (Ezekiel, 1967) , but are not observed in suckling infants (Schulz & Smith, 1958; Garby & Sjolin, 1959) or in adult animals even in the presence of severe Fe deficiency and anaemia (Bothwell & Finch, 1962) . It is thought that the efficiency of Fe absorption in adult animals is largely determined by the Fe content of intestinal mucosal cells (Wheby, 1966) . This is governed by both the Fe content of the diet and the amount of Fe which the mucosal cells can obtain from the plasma in competition with the other tissues of the body, especially the bone marrow. Possibly the Fe content of the intestinal mucosa of the suckling rabbit and rat is very low, so that there is no storage Fe pool which can trap absorbed Fe, and as a result it is all transferred to the plasma. Furthermore the efficiency of Fe uptake by the mucosal cells from the intestinal lumen must be almost 100%. In the rat the efficiency of Fe absorption starts to decline after the 14th day of life (Ezekiel, 1967) . This may be associated with the taking of solid food and an increase in both the amount of Fe ingested and the Fe content of mucosal cells, or it may be due to maturation of mucosal cells as is shown by the cessation of immunoglobulin absorption at about the 18th day (Halliday, 1956) . In the present work no decrease in Fe absorption was found up to the age of the oldest rabbits studied (19 days). More work is required to determine at what age Fe absorption begins to decline and to elucidate the mechanisms of Fe absorption in suckling rabbits and rats. This may well provide very useful information as to the processes controlling Fe absorption at older ages. It may be noted that the suckling rabbit, unlike the rat, is unable to absorb immunoglobulins from the intestine (Brambell, 1958) .
The results for Fe absorption show that the high Fe-binding protein content of rabbit milk does not impair absorption of Fe by the young. Probably it was also not responsible for the very great efficiency of absorption observed. The young given 59Fe in saline had not eaten for 24 h so it is unlikely that Fe-binding protein remained in their stomachs or upper intestines at the time of testing. Nevertheless they absorbed the radioactive Fe just as efficiently as when it was given in milk.
Since essentially all of the Fe in milk was absorbed by the young, the amount of Fe absorbed daily can be calculated from milk volume and Fe concentration. No measurements of faecal Fe or whole-body Fe were made in the present work, but the almost complete retention of orally administered radioactive Fe for at least 2 weeks (Tables 4,s) indicates that Fe excretion is as low in suckling rabbits as in older animals, and therefore the body Fe content should increase by the amount absorbed. The average amount of Fe secreted per day was approximately 240pg, or 40pg per suckling for a litter of six, and this amount remained relatively constant for at least the first 2.5 weeks of lactation. Hence the average suckling would be expected to show an increase of body Fe of about 0.56 mg between the 2nd and 16th days of life. Such an increase is only a little more than the increase of 0.44 mg found by chemical analysis of suckling rabbits aged o and 15 days by McCance & Widdowson (1951) . This relahttps:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19680066 tively small increase of total body Fe during suckling in the rabbit compared with that in other animals may be entirely attributed to the limited supply of Fe in the milk ingested by young rabbits. Fortunately because of the very large Fe reserves of the newborn rabbit it is able to withstand a low Fe intake during the suckling period without suffering from severe Fe deficiency. 
